Through a laboratory-scale bubbling apparatus, the kinetics of S(IV) oxidation related to the basic aluminum sulfate (BAS) wet flue gas desulfurization (FGD) process were investigated by varying the components of the BAS solution, concentration of S(IV), temperature, air flow and oxygen partial pressure. The experimental findings showed that the oxidation rate of S(IV) slightly increased with pH as the basicity increased, while increasing the amount of aluminum could weaken the oxidation rate of sulfite. Moreover, the general reaction rate was found to be 0.21 order in S(IV) and first-order in oxygen, respectively. The apparent activation energy was calculated to be 24.5 kJ mol À1 . Combined with the kinetic model of S(IV) oxidation proposed, we found that the general oxidation rate of S(IV) in BAS rich solution was controlled by the mass transfer of oxygen accompanied with a rapid chemical reaction, which was verified by the Hatta number (around 1.4). As a result, the intrinsic kinetics were investigated, indicating the reaction orders with respect to S(IV) and oxygen to be 0.42 and 1.0, respectively. The results would be valuable for process optimization or industrial design during the BAS wet FGD process.
Introduction
With the aim to control sulfur dioxide (SO 2 ) emissions into the atmosphere, the treatment of ue gas from the combustion processes of fossil fuels and minerals is indispensable. Until now, various ue gas desulfurization (FGD) processes have been developed for the removal of SO 2 from ue gas. Among them, limestone wet scrubbing is the most common commercial process used for the removal of SO 2 .
1-3 But this process is unsatisfactory in practical applications as a result of several major drawbacks, such as the generated wastewater, pipe plugging, poor quality of byproducts, and even secondary pollution. Therefore, a focus on the concept of circular economy, to develop an efficient and economical FGD technology with recycling of the absorbent, is quite desirable for the governance of SO 2 pollution.
Compared with the limestone-gypsum method, basic aluminum sulfate (BAS) wet FGD technology has many advantages to remove SO 2 from ue gas, such as high desulfurization efficiency, circular utilization of the absorbent, rare fouling, low investment and energy consumption, etc. [4] [5] [6] During the desulfurization process, BAS as the effective absorbent reacts with SO 2 from ue gas to form the complex Al 2 (SO 4 ) 3 $Al 2 (SO 3 ) 3 , which could reversibly occur decomposition under the condition of heating due to its thermodynamic instability, and that would be further oxidized by oxygen in ue gas as the following reactions: 
In terms of the desulfurization byproduct, it could be thus divided into two desulfurization processes: BAS-gypsum method and BAS-desorption regeneration method. Through practice, it environmentally indicated that the latter might be the most promising regenerative desulfurization process, whereby Al 2 (SO 4 ) 3 $Al 2 (SO 3 ) 3 is decomposed by heating or reducing pressure, regenerating BAS with the recovery of pure SO 2 used to produce sulfur or sulfuric acid. 7 In particular, faced with a serious shortage of sulfur sources in China, there are better application prospects for BAS-desorption regeneration process.
For BAS wet FGD process, more investigations have been focused on the SO 2 absorption performance. Wen et al. 8 researched the inuences of components of BAS solution on the desulfurization efficiency. Their results indicated that a large amount of aluminum and high basicity as well pH were more benecial for the removal of SO 2 from ue gas, while basicity should keep below 40% to avoid a occulent precipitation of aluminum hydroxide. In addition, our previous works have researched the performance of desulfurization and regeneration regarding to BAS-desorption regeneration method, further proving that it has an excellent feasibility for desulfurization with efficient recycling. 6, 7 However, it should be noted that the oxidation of S(IV) in BAS solution is a key step of desulfurization process. For instance, for BAS-gypsum process, forced oxidation of the S(IV) in BAS rich solution is desirably needed, while retarding the S(IV) oxidation is of great importance with respect to BAS-desorption process. Unfortunately, available information of S(IV) oxidation based on BAS solution is still missing in the eld of chemical engineering. Therefore, for better understanding of S(IV) oxidation in BAS wet FGD process, detailed research is urgently needed.
Except S(IV) in BAS rich solution, the oxidation kinetics of other kinds of sulte, and particularly of calcium sulte, sodium sulte, magnesium sulte and ammonium sulte, have received considerable attentions during the last decades.
9-13
S(IV) oxidation was oen investigated under homogeneous conditions and heterogeneous conditions. Results obtained in homogeneous conditions are relatively consistent. As reported by Lancia et al.,
9,10 they found the reaction to be zero order on oxygen concentration and three-halves on sulte concentration in range of pH 7.5-9, which is the most appropriate to describe the kinetics of the oxidation reaction in homogeneous conditions. Furthermore, the oxidation mechanism of S(IV) in aqueous solution is commonly considered as a chain reaction, which is initiated by the auto-oxidation of catalyst or the action of UV light. 14, 15 In addition, the published literature indicated that the reaction rate both in homogeneous and heterogeneous is strongly affected by liquid-phase composition (S(IV) concentration, dissolved oxygen, and pH), temperature, and presence, even in traces of catalysts (Fe  2+ , Cu  2+ , Co  2+ , Mn  2+ , peracetic acid) and inhibitors (phenols, hydroquinone, alcohols).
15,16
In recent years, numerous works have reported the kinetics of S(IV) oxidation under heterogeneous conditions, which is closer to that encountered in practical FGD processes. These studies oen experimentally investigate the effects of operation parameters, such as air ow rate, S(IV) concentration, pH, oxygen partial pressure, and temperature on the oxidation rate of S(IV) by bubbling air into S(IV)-loaded solution. For instance, Shaikh et al. 17 studied the heterogeneous oxidation of aqueous sodium sulte in the presence of cobalt sulfate as the catalyst, and found that the reaction rate was pseudo-zero-order and rst-order with respect to sulte concentration and catalyst, respectively, while the reaction was rst-order with respect to above a critical oxygen partial pressure, second-order in below a critical oxygen partial pressure. As for the sulte oxidation in magnesium-based wet FGD process, Shen et al. 11 researched the kinetics parameters of sulte oxidation using a stirred bubbling reactor, indicating a 0.88-order in magnesium sulte, and that diffusion of oxygen was the controlling step of the oxidation process. Jia et al. 18 also studied the oxidation kinetics of total sulte in ammonia-based wet FGD process, and found the reaction to be À0.5 order with respect to sulte at pH level of 1. and Mn 2+ on sulte oxidation were also widely investigated by many scholars, indicating that the catalysts can strongly affect the reaction rate.
19,20
In view of the oxidation kinetics of these sultes mentioned above, the results obtained for kinetic parameters in various FGD systems were not consistent since the oxidation rate of sulte is greatly sensitive to experimental conditions. However, for our best knowledge there was no literature reported on the oxidation of S(IV) related to BAS wet FGD process so far. Hence, to explore the oxidation kinetics of S(IV) and achieve more data, an independent study is indispensable. In the present work, we not only systematically investigated the kinetics of S(IV) oxidation in BAS rich solution using a bubbling reactor, but analyzed the general reaction by the combination of mass transfer of oxygen and intrinsic reaction. Furthermore, the kinetic parameters of intrinsic reaction were preliminarily predicted. In all, the results obtained by this study may provide a valuable basis for process design or optimizing operating parameters related to BAS wet FGD process.
Experimental section

Materials
Both aluminum sulfate [Al 2 (SO 4 ) 3 $18H 2 O] and calcium carbonate (CaCO 3 ) with the purity of >99% were purchased from Tianjin Kermel Chemicals Co., Ltd., China. The SO 2 cylinder (purity of $99%) and the N 2 cylinder (purity of $99%) were procured from Guangzhou Puyuan Gas Co., Ltd., China. Considering the great sensitive inuence of even traces of impurity on the oxidation rate of S(IV), all the chemicals used in the experiments were of analytical reagent grade.
Preparation of BAS SO 2 -loaded solution
Based on the neutralization reaction (reaction (3)), BAS solution was prepared from aluminum sulfate solution, and calcium carbonate was used as the neutralizing reagent.
4-6
Al 2 (SO 4 ) 3 (aq) + 3xCaCO 3 
The total amount of aluminum in a BAS solution is represented by Al 2 O 3 , g L À1 ; meanwhile, the amount of aluminum
In this work, desired BAS solution was formulated by the method reported in previous literature. 6 Briey, an aluminum sulfate solution was neutralized by the addition of calcium carbonate powder, and aer 24 h with stirring the slurry was ltered to obtain the clear solution; meanwhile, the amount of aluminum and basicity in BAS solution were adjusted by adding specied aluminum sulfate and calcium carbonate, respectively.
Unlike other sultes, such as sodium sulte, ammonium sulte, magnesium sulte, and calcium sulte, which can be acquired in the form of solid, aluminum sulte only exists in aqueous solution. Thus, BAS SO 2 -loaded solution used in the experiments was prepared through bubbling pure SO 2 into fresh BAS solution. Water used in all the experimental procedures was deionized water.
Experimental method and apparatus
The oxidation of S(IV) in BAS rich solution was conducted in a laboratory-scale bubbling reactor. Fig. 1 shows the schematic diagram of the experimental setup used. The bubbling reactor is a glass cylindrical beaker with an inner diameter of 0.070 m. The reaction temperature was controlled by a constant temperature water bath within small variation of AE0.1 K. Before performing the experiments, 400 mL of fresh BAS solution prepared was added into the bubbling reactor which was installed in a constant-temperature bath with stirrer. Until temperature of the solution reach the desired value, pure SO 2 would be introduced into the solution. The xed S(IV) concentration was regulated by pH meter. A hydrochloric acid and sodium hydroxide was used to adjust the pH value. Aer that, the pure nitrogen and air mixed in a specied ratio by ow adjustment was injected into the solution in a steady manner. Subsequently the reaction started and the time was recorded at the same time. Varying operating parameters, the experimental procedure above was conducted and repeated. A trace amount of sample was taken out at intervals in order to measure the concentration of S(IV) and sulfate, respectively. The concentration of S(IV) was determined using standard iodometric titration method. And the concentration of sulfate in solution was measured by means of ion chromatography. The specic oxidation rate of S(IV) was calculated by the following equation:
Every experiment was repeated at least three times. According to the data from a single series from experiments, the oxidation rate of S(IV) shown in the gures can be evaluated by the method of initial rates. 18, 21 The relative deviations during all the experiments are less than 5% for S(IV) concentration, 2% for sulfate concentration, 2% for pH value, 4% for air ow, and 2% for temperature.
Results and discussion
Effect of component of BAS solution
The component of BAS solution plays a very important role during BAS wet FGD process. And it can be dened by both the amount of aluminum and the basicity, of which the two terms have been represented in previous literature. 6 Thus, a series of experiments were performed to comprehend the effect of the component of BAS solution on the oxidation rate of S(IV). As seen in Fig. 2 , it shows that the amount of aluminum have signicant effect on the oxidation rate of sulte. For example, when the amount of aluminum increased from 15-30 g L À1 , the Fig. 1 Experimental apparatus (1 -N 2 cylinder; 2 -rotametre; 3 -air compressor; 4 -needle valve; 5 -glass tee; 6 -buffer tank; 7 -SO 2 cylinder; 8 -thermostatic bath with magnetic stirring; 9 -magnetic stirrer; 10 -aeration header; 11 -bubbling reactor; 12 -sampling port; 13 -thermometer). oxidation rate had a slight reduction in range of 2.06-
with a rise of the amount of aluminum in range of 30-40 g L À1 ,
indicating that excessive amount of aluminum could seriously hamper the oxidation of S(IV). One reason may be that excess aluminum sulfate can cause the reduction of liquid-phase mass transfer coefficient owing to the changes of the physical properties of the solution, such as ionic strength, density, viscosity, and diffusion coefficients. 22, 23 Another reason may be due to the decrease in the solubility of oxygen dissolved in BAS rich solution. 24 Therefore, the amount of aluminum should be below 30 g L À1 for larger oxidation rate of S(IV) during BAS-gypsum desulfurization process. Additionally, it should be noted that the basicity of BAS solution with specic amount of aluminum is closely related to pH value of the solution. Fig. 3 shows the relation between the basicity and the pH with 0.01 mol L À1 S(IV) concentration. As seen in Fig. 3 , it is obvious that the oxidation rate of S(IV) has a little increase with the rise of the basicity from 5-30%, which also improves the pH value in range from 2.89-3.43. Furthermore, aer linear tting the experimental data, Fig. 4 show that the oxidation rate of S(IV) is proportional to 10 0.127 pH with a correlation coefficient of 0.97, meaning that increasing the pH will slightly enhance the oxidation rate of sulte. 12,18,26 These results mentioned above for the effect of pH on the oxidation rate of S(IV) seem to be contradictory. In general, under different pH values, the interaction of various impact factors may make the changes of oxidation reaction. The main reason that the increase of pH improved the oxidation rate of S(IV) in BAS rich solution could be explained as follows: since the ratio of bisulfate concentration to S(IV) concentration was almost stable with a high value as the pH varied from 2.89-3.43, the inuence of oxygen on the S(IV) oxidation would be dramatically weakened with a decrease of pH, leading to a lower oxidation rate of sulte. 11, 27 In present work, the pH value was adjusted by the basicity, which is lower than others reported in literature. 11, 12, 18 Thus, the independent investigation is meaningful for grasping the information of the kinetics of the S(IV) oxidation affected by pH.
Effect of S(IV) concentration
A number of experiments were carried out to demonstrate the effect of S(IV) concentration on the oxidation rate of S(IV) with pH ¼ 3.40. Fig. 5 clearly shows that the oxidation rate of S(IV) increases with the S(IV) concentration. Furthermore, the oxidation rate of S(IV) can be found to be 0.21 order with respect to S(IV) and with a correlation coefficient of 0.99, as shown in subgraph in Fig. 4 . Zhou et al. 26 found that the oxidation rate of ammonium sulte is 0.20 order dependence from sulte concentration below a critical concentration, above which the order turns to À1.0. Neelakantan et al. 28 reported that the reaction is 2.0 order with respect to ammonium sulte. Further, Fig. 3 Effect of basicity on the oxidation rate (amount of aluminum,
; oxygen partial pressure, 0.21 atm). 
Shen et al.
11 found the reaction to be 0.88 order with respect to magnesium sulte. Li et al. 19 found the reaction to be zero order with respect to magnesium sulte in presence of catalyst. However, Jia et al. 18 reported the reaction to be À0.5 order with respect to ammonium sulte. In a whole, these mentionedabove literatures gave inconsistent results, likely resulting from the different characteristics of sultes and the experimental conditions, such as ranges of S(IV) concentration, pH, reactors and ionic strength. Fig. 6 shows that the oxidation rate of S(IV) increases slowly with the rise of temperature. This same tendency was also shown in the published literature. 11, 18, 19 According to the Arrhenius formula
Effect of temperature
where k 0 is the frequency factor; E a is the apparent activation energy, kJ mol À1 ; R is gas constant, 8.31 J (mol À1 K À1 ); T is temperature, K; and the reaction rate constant k in between SO 3 2À and O 2 dissolved in aqueous solution which quanties the speed of a chemical reaction increases as the temperature increases, causing the rise of the oxidation rate. As shown in sub-graph in Fig. 6 , the temperature dependency is in accordance with the Arrhenius formula (eqn (5)), indicating that the apparent activation energy for the overall oxidation can be calculated to be 24.5 kJ mol À1 , which is close to that reported by Jia et al. 18 However, this value is higher than the activation energy previously proposed by Shen et al. and Gürkan et al.
11,12
The main reason for different value of the apparent activation energy obtained may be due to the inuence of some factors, such as catalysts, inhibitors, and different characters of S(IV)-loaded solution.
Effect of air ow
The effect of air ow on the oxidation rate of S(IV) is shown in Fig. 7 . It is obvious that the air ow has signicant inuence on the oxidation rate of sulte. The oxidation rate of S(IV) dramatically increased as the air ow increased to 120 L h À1 , while above which it rose slowly. This tendency is in agreement with the previous reports. 12, 18 The reason can be explained that the gas-liquid contact area will increase with the rise of air ow, causing larger reaction rate between S(IV) and oxygen based on the two-lm theory. On the other hand, when the air ow was below 120 L h À1 , the bubbled air could disperse uniformly, and had a positive stirring inuence on the reaction solution, strengthening the gas-liquid mass transfer; however, with the air ow up 120 L h À1 , some air froth collided and agglomerated, causing little change of gas-liquid contact area and a turbulent bubbling status.
18,29
3.5. Effect of oxygen partial pressure Fig. 8 shows that the oxygen partial pressure has signicant effect on the oxidation rate of sulte, indicating that the oxidation rate of S(IV) almost increases linearly with the oxygen partial pressure raised from 0.05-0.21 atm. Furthermore, we can nd the reaction to be rst order with respect to oxygen partial pressure and with a correlation coefficient of 0.99, as shown in sub-graph in Fig. 7 
Kinetic model
According to the oxidation process of S(IV) presented in the literature, 11,19 the investigation of S(IV) oxidation based on BAS solution can be divided into two steps, including an intrinsic chemical reaction between S(IV) and dissolved oxygen in BAS rich solution and absorption of oxygen from gas bubbles into the solution. Hence, the overall oxidation rate will be determined by the two processes above.
Intrinsic reaction
The intrinsic chemical reaction for sulte oxidation in aqueous solution is widely recognized as a chain reaction, which can be initiated by catalytic species or UV light.
3,10 However, results for the reaction orders reported in public literature are yet inconsistent. Generally, the intrinsic reaction rate r A can be expressed as the following equation:
where m and n represent the reaction orders of S(IV) and dissolved oxygen, respectively; C S(IV) and C O 2 are the concentrations of S(IV) and dissolved oxygen in aqueous solution, respectively; and k in is the rate constant of the intrinsic non-catalytic chemical reaction, which is closely related to the temperature and properties of S(IV)-loaded solution, such as pH and components of solution.
Absorption of oxygen
Considering the solubility of oxygen dissolved in aqueous solution, the mass transfer of oxygen into solution was considered to be controlled by liquid-phase resistance. Since the diffusion of oxygen accompanied with chemical reaction, the absorption rate of oxygen r B could be given as follows:
where k L is the liquid mass transfer coefficient (m s À1 );
a denotes the gas-liquid interface area per unit volume of liquid (m 2 m À3 ); E represents the enhancement factor relative to physical absorption; C O 2 i is the concentration of oxygen in gasliquid interface (mol L À1 ); which is directly proportional to the partial pressure of oxygen in gas phase based on the Henry's Law; and ffiffiffiffi ffi M p is the Hatta number used to judge whether a chemical reaction is rapid reaction or not, and it can be expressed by
According to the previous results published by others, 11, 18, 19 the S(IV) oxidation in BAS rich solution could be assumed to be a rapid reaction, indicating that C O 2 could be neglected with respect to C O 2 i . Thus, the absorption rate of oxygen r B can be simplied as
General oxidation
Similar to the oxidation process of magnesium sulte reported in the literature, 11,19 the overall oxidation rate of S(IV) in BAS rich solution r will be controlled by the slowest step, namely if the intrinsic reaction is the controlling step, there is r ¼ r A , otherwise r ¼ 2r B , which is also written as eqn (11) .
Supposing that the general oxidation rate was controlled by the intrinsic reaction rate, the ow rate would have little inu-ence on the overall reaction rate, which is in contradiction to the experimental results in Fig. 7 . On the other hand, the temperature should have considerable effect on the overall reaction rate as a result of the controlling step of intrinsic reaction. Nevertheless, the apparent activity energy was calculated to be 24.5 kJ mol À1 , indicating that temperature has no signicant effect on the general reaction rate. In addition, the published results for macroscopic oxidation of others sultes with catalysis or without also show that the intrinsic reaction is not the controlling step. 18, 19 Thus, it can infer that the general oxidation process is controlled by the absorption of oxygen with a rapid chemical reaction.
In order to further test the validity of the proposed fastreaction regime assumption, it is necessary to check the value of ffiffiffiffi ffi M p , and according to eqn (11), we can obtained the following equation:
The liquid-phase mass transfer coefficient k L can be given by 6, 31 
with
where 
For the oxidation process of S(IV) in present study, the kinetic characteristics (k L and a) can be calculated by the formulas mentioned above. And Table 1 shows the values of model parameters. 
Thus the Hatta number ffiffiffiffi ffi M p was estimated to be about 1.4, which is higher than 1.0, and the result is close to that reported by Shen et al. 11 As a result, the reaction can be fully considered as a fast chemical reaction.
3
According to the analysis above, we determined that the general oxidation process was controlled by the mass transfer of oxygen accompanied with rapid chemical absorption, which can be expressed by eqn (17) .
Consequently, based on the macroscopic oxidation results shown in the present work, we attempted to acquire the intrinsic reaction orders. As shown in Fig. 4 , the order of the general oxidation rate is 0.21 with respect to S(IV) concentration, indicating that the order of the intrinsic reaction with respect to sulte, namely m is 0.42. Furthermore, the reaction order with respect to oxygen partial pressure in the intrinsic reaction, namely n is convinced to be 1 because the general oxidation rate is rst-order dependence on oxygen partial pressure as mentioned in Section 3.5.
Conclusions
Compared with the widely studied oxidation of other kinds of sulte in the literature of chemical engineering, the S(IV) oxidation in BAS-based wet FGD process has not been fully addressed, which is great important for dealing well with the desulfurization by-product. In this paper, using the laboratoryscale bubbling apparatus, the oxidation process of S(IV) related to BAS wet FGD process was systematically investigated under different operating conditions including amount of aluminum, basicity, air ow, S(IV) concentration, oxygen partial pressure and temperature. The experimental results indicate that the amount of aluminum with 30 g L À1 above had considerable inuence on the oxidation rate of S(IV). When pH value increased from 2.65 to 3.45 with a rise of the basicity from 5-30%, the oxidation rate of S(IV) increased slightly from 1.92-2.09 Â 10 À5 mol (L À1 s À1 ). Moreover, the oxidation rate of S(IV) can be considerably accelerated by increasing the air ow or oxygen partial pressure, while the S(IV) concentration and temperature will slightly affect the oxidation rate of sulte. The apparent activation energy for the overall oxidation reaction was calculated to be 24.5 kJ mol À1 . Additionally, the general reaction orders with respect to S(IV) and oxygen were found to be 0.42 and 1, respectively. Integrated with kinetic model of S(IV) oxidation proposed in the present work, it could be considered that the general oxidation rate of S(IV) in BAS solution is controlled by mass transfer of oxygen with a rapid chemical reaction. With the Hatta number determined to be about 1.4, it further conrmed the assumption of the fast-reaction regime. According to the kinetic parameters of general oxidation, it indicated that the intrinsic reaction was 0.42 order dependence on S(IV) and rst-order dependence on oxygen, respectively. In order to fully understand the intrinsic reaction kinetics, further study on the intrinsic reaction of S(IV) oxidation relevant to BAS rich solution is quite indispensable since little data in published literature can be referred. In addition, in terms of BAS regenerative wet FGD process, it is a key step to fully hinder the S(IV) oxidation. Thus the oxidation inhibition of S(IV) by screening desired inhibitors need more investigations in future work.
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